Remarks on filtering of semi-markov data by Delyon, Bernard
Remarks on filtering of semi-markov data
Bernard Delyon
To cite this version:
Bernard Delyon. Remarks on filtering of semi-markov data. [Research Report] RR-1986, IN-
RIA. 1993. <inria-00074686>
HAL Id: inria-00074686
https://hal.inria.fr/inria-00074686
Submitted on 24 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de
recherche franc¸ais ou e´trangers, des laboratoires
publics ou prive´s.
IS
SN
 0
24
9-
63
99
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
appor t  

de  r e c h er ch e 
1 9 93 
PROGRAMME 5


Traitement du signal,
automatique
et productique

Remarks on filtering of semi-markov data
Bernard Delyon
N˚ 1986
Septembre 1993
 
	ﬁﬀﬂﬃ !"$#%&
	')(*+

,-/.10
23.4657-98;:=<>0'?
@BAC3DEAGF9HIHIJLK7M N
AGF/OQPRJHIJSTPU>VXWYOZD3S[F]\_^`FaV=PC3HbF9PcOedEV=JLJPf=AC=U>V[g1PhO;dEV=J
@BARC3ihJPkj7l
mFaf=f[C3APU>JAJngRo=JAGgRo=JLSp[qnrEs3t7M l3Jf=PJHﬁu=AJvqnr3r3wM xLf[F9DEJnW
y{z|}n~][9}3{No>O;WBf[F9fJAPAcOQJnWPCLD9OZ3J'WcC3HIJOZS[WYOZD3o>PkF9uC3V=PARJ1\eFaPhOZC3S[Who>OZf[W)u[JPhJJSIOZPJARu>OF9S[UI%C3AF9AGU>
u[F3gRŁTF9A1U F]\ZD3CEAhOZPo=HYV[WhJnUOZSPo=Jg1C3STPRJ1PﬁC9O;U=U>JSF9AŁ3C96CU>J1\;W1ﬁC3SC3S=J{o[FaS[UF9S[ULF]\ZHbFaS

\ZPJAhOZS=DXF9S[U{mFaV[go=_NV=S=D3hl3PAhOZJuJ1\WhHIC>C3Po>OZS=DvC3S{Po=J7C3Po=JAnBJD9OZ3JﬁF9S{V=S>O EOZS=D{3OZJ¡o>O;go6Who=C9'W
o=C9¢Po=CTWhJIF]\ZD3CEAhOZPo=HbWFaAJﬁAJ1\;F9PJnU6F9S[UD9OZ3JvF9S6J1[F9HIf>\ZJIC9F9SoT>u=AhO;U WcWhPRJH£o>O;go gFaS6u[J

\ZPJARJnU
Po=ACEV=D3oXFﬁHﬁO=JnUXF]\ZD3C3AcOQPRo=HX
¤{¥>¦
§h¨ﬁ©`~9ª|3

\ZPJAcOQS=D^`WhH+CTC3PRo>OQS=D^TOZPJAu>O_^
LF]\ZHbF9S
«­¬ﬁ®
¯h°h±n²
®
¯B³B´°$µ­¶n·
¸Y¹nºY»½¼G¾1¿/ÀÁ½Â­Á½Ã_ÄÆÅ ÇZÂ
Unite´ de recherche INRIA Rennes
IRISA, Campus universitaire de Beaulieu, 35042 RENNES Cedex (France)
Te´le´phone : (33) 99 84 71 00 – Te´le´copie : (33) 99 38 38 32
   



 G {

ﬀ *+£*IL+k¢!"h#=ﬂ
	(+GI 
¥|
	¥  Jbu=V=PﬁU>J g1JPPRJIS=C3PJIJnWcP\eFHﬁO;WhJvF9V gR\;F]OZAIU>JnWARJ1\eFaPhOZC3S[WLJ1>O;WhPGF9S>PJS>PAJbU V=S=Jbf[F9ARP\QJnW
F]\ZD3C3AcOQPRo=HIJnWU>J'OZPJAu>O JPkFaV=HI 6J1\;goYV=PhO\ O;WJnWU=F9S[W\ZJgF3U>AJLU>JnW)HICUJ1\ZJnWFﬁWhCEV=AGg1J U>JHbF9ARŁ3C93OZJS=S=J
gF3gRoJJ9JPU½FaV=PAJﬁf[F9APg1JV> U>JbLF]\ZHbFaS

\ZPAGF9DEJ9JPU>JbmF9V[gRo=_N
V=S=DEhl3PAhOZJu[J1\ \ O;WWRF9D3J9GS U>CES=S=J
F7\;F

SXV=S=J gR\;F3WRWhJ U>J7f=ACg1JnWRWhV[W'WcJHﬁOZ HbF9AŁ3C9EOZJS[WF]3JngV=SXJnWhf[FEg1J U JPGFaPGWo>Tu=AhO;U>J7CV{3OZ3JS>PﬀF7\;Fﬁ C9O;W
U>JnW/FaAhO;F9u>\ZJnWUEO;Wg1AﬁJPJnWJPg1C3S>PhOZSTV=JnWﬃﬂ!V=S6F]\ZD3CEAhOZPo=HIJIU>J

\QPRAGF9D3JﬁJPU>J7\OeWRWF9D3JﬁC3f=PhOZHbF/\JnWhP U>CES=SJ3S
A JnWhC3V[U!JDTF]\ZJHIJS>P'U>J7HbF9S>O"JAJLJ1[F3g1PJ\ZJnW#JndEV[F9PhOZC3S[WU>J

\ZPAGF9D3JLJP\O;WWF9D3J7f[C3V=AV=S=J g1JARPGF]OZS=J gR\;F3WWcJ U>J
f=AC3u>\$JHIJnWS=C3S=­\OZSJnF]OZAJnWÆ
%¡©[}n|Æ§'&(¥

\ZPAGF9DEJ3^>\OeWRWF9D3J3^OZPJARu>O ^!LF]\ZHbF9S
 
	ﬀﬂﬁﬃ !
	"#$ q
% &
'

*
('
G
)_SPo>O;Wf[F9f[JAn^JO\\g1C3S[W$OeU>JA7JnWhPhOZHbF9PcOQCES6C9Po=JbWcPGF9PJ7C9WhJH OQ_F9ARŁ3C9{f=ACg1JnWRWhJnW
No=JnWhJ+f=ACg1JnWRWhJnW
F9AhO;WhJOZS{PhC dEV>OZPJUEO*JARJSTP

J1\;U=Wﬃ+[O;U=U>JS F9AŁ3C9ICU>J1\;WYO;U>J1\QvV[WhJnU+ C3AWhf[JJngRo{AJng1C3DES>OQPcOQCES-,½t. 
F9S[U6LF/\QHvF9S=$)V[g1

\ZPJAcOQS=D ﬂ
OZS6PRo=J

AGWhPgF3WcJ3^!Po=JIWhPGF9PJ_Wcf[F3g1J7OeW7UEO;Wg1AJPJ_D3JS=JAGF/\ \Z

S>OZPJ9'o>O \ZJ+OZS
Po=J{WhJng1C3S[U C3S=JvOZP7O;WﬁPo=J0/BV[gR\O;UEO;F9SWhf[F3g1J3BC9J3JAn^F]\ZD3C3AhOZPo=HvWo>OegRoF9AJvV[WhJnU o[F]3J{g1C3S[WYO;U>JAGF9u>\ZJ
WYOZHﬁO\;F9AhOZPhOZJnW1)_S[WhfJng1PhOZC3SC9Po=JnWhJ{WYOZHﬁO\;F9AhOZPhOZJnW+O\ \\ZJnF3U V[W

AGWhP7PC FD3JS=JAGF]\O 2nF9PhOZC3SCa LF]\ZHbF9S=$)V[g1

\ZPJAhOZS=DOQSFf[F9ARPhO;g1V>\eFaAIJ1PRJSTPhOZC3SPRC S=CES=­\ OZS=JnF9A{Wh=WhPJHbWﬁF9S[UWcJng1C3S[UE\Z PCJ1=PJS[U Po>O;WﬁHIC=U>J1\PC6F
WhPGFaPJ_Whf[F3g1JLo>O;gRo{O;WHﬁOJnUg1C3STPcOQS>V=C3V[Wh_UEO;Wg1ARJPJ3
l3JH OQ_F9ARŁ3C9f=AC=g1JnWWhJnW)o[F]3JPo=JLWhPGFaPJ_Whf[F3g1JARJf=AJnWhJS>PGF9PhOZC3S43ﬀ576
895= OZS WcC3HIJHIJnFEWhV=AGF9u>\ZJLWhf[F3g1J
:<;=7
o=JAJ>8¡OeWPo=JC3u[WcJA/F9PcOQCES F9S[U?3 O;WBPRo=Jo>O;U=U>JSXWhPGF9PJ'ﬂ9PRo=J FaAJU>JPJAHﬁOZS=JnUvu> PhC V=S[g1PhOZC3S[W
@¡F9S[UBA+
C
3ﬀ57OeWFﬁF9AŁ3C9ﬁgo[F]OZSvOZPo{PAGFaS[WYOZPhOZC3Sbf=ARC3u[F9u>O\OQPh0@L!DE6-DGF_C3A@HDI6-D7FeHJKD7FE C3Ag1C3S>PhOZS>V=C3V[WWhPGF9PJ
Whf[F3g1J9 ﬂ7@¡HbF]bU>JfJS[UXCESML 
C
8N5{FﬁAGF9S[U>C3H 9F9AhO;F9u>\ZJﬁo=CTWhJUEO;WhPAcOQu=V=PcOQCES U>JfJS[U=WC3S>\ZbCES03ﬀ5 ﬂ>Po[FaPO;Wﬃ+
O748N5QPSRUT 3BV
W
6
8
5XNY
Y
6
8V
5[ZUY
\PSO7]8N5QPSRUT 3ﬀ5>^P_AL]3ﬀ5N6-R%
OQSUEO;Wg1AJPJﬁgF3WhJ3^=C3A
O74895a`MJKRbT 3
V
W
6c8
5XNY
Y
6
8
V
5"ZUY
\PSO748N50`MJKRUT 3ﬀ5>\P_AL43ﬀ5U6-R%HJKR
OQSg1C3S>PhOZSTV=C3V[WgF3WhJ
_6J7f=V=Pd3fe
g
P43
g
6c3
g
ZUY6h h h 6c3
e
F9S[Ui8
5
Pj8
5
Y
Gj'SOZS>OQPcOeF/\UEO;WhPAhOZu=V=PhOZC3S OeW7F]\;WhCvD9OZ3JS C3Ak3
W
!No=J
UEO;WhPAhOZu=V=PhOZC3SC9l895IHbF]IU>Jf[JS[U{CESX43m5XNY"6
3ﬀ5> O_ J3>C3SvPo=JLPAGFaS[WYOZPhOZC3S!BOZPo=C3V=PWhJAhOZC3V[WgRo[F9S=D3JOZS{Po=J
Po=JC3AR3
NkCﬁf=ACEu>\QJHvW'F9ARJLPAGF3UEOZPhOZC3S=S[F]\\ZXF3U=U>AJnWRWhJnU +
C
l3HICTCEPo>OZS=DN+3o[FaPgF9SIu[JLWF]O;U+C9`PRo=J'WhJndEV=JS[g1Jd3
W
6c3an6h h ho6
3
V
CES[g1J'JF9AJDaOQEJS F9S+C3u[WhJA9F9PhOZC3S
WhJPp8bY"6c8bn6h hoh 6
8
Vpq
C
O \ZPJAcOQS=D9+[o=C9 PCIJnWhPcOQHvF9PJLAJng1V=AGW$OQEJ1\Q03
e
 AC3H PRo=JLC3u[WhJA9F9PhOZC3SXCal8
e
q
)YS6F9STXgFEWhJ3^[PRo=J f=ARC3u>\ZJH OeWLWcPAC3S=D9\Zg1C3S=S=Jng1PJnUPCvPo=JﬁHbF]>OQH Or2nFaPhOZC3SC/EJAs3
W
6
3Qn6h h h 6c3ﬀ5ﬁC9Po=J
\ZC3D3­\OZŁ3J1\OZo=CTC=U V=S[g1PhOZC3S[F]\BOZPo{o[F3WPo=J CEAH
t43
W
6c3
Y
6h h h 6c3
5
\PSu43
W
6
3
Y
6c8
Y
Evwu43
Y
6
3
n
6
8
n
bvxh h hvyu43
5zXGY
6c3
5
6c8
5
 Gq9
{WhV[F]\

\ZPJAhOZS=DLF]\ZD3C3AhOZPo=HvW$LF]\ZHbF9S=$)V[g13^9mF9V[gRo=_N
V=S=DEhl3PAhOZJu[J1\$^9OZPJAu>O_ZZQ`g1C3S[WYO;WhPGWC3S>\ZOZSL_F3WhP!J1[F3g1P
HbF]>OZHﬁO 2nF9PhOZC3SICa`WhV[govF V=S[g1PhOZC3S=S[F]\!uT7PGF9ŁEOQS=DHbF]>OZHﬁV=HF3U>/F9S>PGF9DEJkCa[Po>O;WBf[F9APcOeg1V>\;F9A C3AH/%C3A H+C3AJ
D3JS=JAGF/\`gF3WhJL_S=CES=­\ OZS=JnF9A]ZZG^9CES=J'g1C3V>\;UIF3WkJ1\\[uJOZS>PJAJnWhPJnU C3SbF9f=f=AC]>OZHbF9PJWhC9\ZV=PhOZC3S+C9`Po>O;W)JndEV[F9PhOZC3S
u>{_F3WhPS>V=HIJAhO;gF]\HIJPRo=CU=W7_o>OegRo6F9AJ AJndEV=JS>Ph\ZX3JAJ| gROZJSTPÆ ﬂ[PRo>OeW\;F3WcPF3Whf[Jng1PU>C>JnWS=C3PLWhJJH£PC
o[F]3Ju[JJSvAJnF]\\ZIJ1=f>\QCEAJnU!K)_SIPo>O;Wf[F9f[JAn^EJO\\`PA7PCJ1=PJS[UIFEW F9AFEWBf[C>WWYOZu>\ZJ'J1[F3g1PHvF]TOZHﬁO 2nF9PcOQCES
PCbWcC3HIJS=C3S=­\OQS=JnFaALHICU>J1\;W
LF/\QHvF9S=$)V[g1

\QPRJAhOZS=DIO;WV[WhJnU{o=JSPo=JLHIC=U>J1\
O;W\OZS=JnF9ADTF9V[WW$OeFaS
^=PhTf>O;gF]\\Z
3
5
P }k3
5XNY
vy~
5XNY
6 ~
5ﬀf
!76-  H>
895 P M3m5dvy5a6 5
y
!76-7
  pN!$ [z
  C3AWF9ŁEJC9 WYOZHIf>\O;gROQPh3^=JLF3WWhV=H+JPo[F9PBHbFaPAhO;g1JnW } 6-i6-ﬀ6F9ARJS=C3PPcOQH+J_U>Jf[JS[U>JS>P'F9S[UQ FaS[Uﬀ~ F9AJ
PhCOZS[U>JfJS[U>JSTPWhJndEV=JS[g1JnWC9OZS[U>Jf[JS[U>JS>PL/F9AhO;F9u>\ZJnW11[6JLo[F]3J
@L!DE6-D
F
 P J1f!!D
F
f}dD! 
XNY
HD
F
y}dD
	[>
q
JRHE 
Y

n
ALHDI6-R% P J1f!!RfBD!  
XNY
HRfBD!
	">
q
J!E7
Y
!n
)_SPRo=JXgF3WhJ{C9'S=CES=­\ OZS=JnF9A

\ZPJAcOQS=DOZPoUEO;Wg1AJPJWhPGF9PJ{Whf[F3g1JhO;U=U>JS F9ARŁ3C9 C=U>J1\;W1G^BPA1F9S[WYOZPhOZC3S
f=AC3u[Fau>O \OZPhOZJnW{F9AJ+D9OZ3JSuT FXHvF9PAhO
^ FaS[U6C3u[WcJA/F9PcOQCESf=AC3u[F9u>O\OZPhOZJnWbg1C3S[WcPhOZPV=PJXFWhJPﬁC9'f=ACEu[F9u>O\ OZPh
HIJnF3WcV=AJnW)OZS[U>J1JnUu>bPRo=JWhPGF9PJnW +
@L]3 5 PET 3 5XNY Ph P @ﬀ
AL43ﬀ5N6R= P A  HR% Of3ﬀ5ﬀP
JLO\ \kWco=C/ o=C/ Po=J WhCa\QV=PcOQCES[W C3APo=CTWhJ7P$CIgF3WhJnWF9AJLARJ1\eFaPJnUXF9S[U!^%OZS\eFEWhP'WhJng1PhOZC3S
^JD9OZ3JﬁF9S
J1[F9HIf>\ZJo=JARJLPo=J WhP1F9PJLWhf[F3g1JLO;WF HﬁOJnUUEOeWRg1AJPJ FaS[UXg1C3S>PhOZSTV=CEV[WWhf[F3g1J3
ﬁ ﬂ
ﬃ 
* #! I
'
	"ﬃ 
*   *$# 
% v{Gﬀ''&I 
6Jg1C3H+f[F9AJo=JARJLP$CIF]\ZD3C3AcOQPRo=HbWﬃ+=Po=J

AGWhPJnWcPhOZHbF9PJnWPRo=JLf=AJnWhJS>P WhP1F9PJk3ﬀ5bu>vHbF]>OQHm21OQS=D+OZP'f=ARC3u[F9
u>O\OQPh g1CES[UEOQPcOQCES[F]\\Q PCPo=JIC3u[WhJAR/F9PhOZC3S[WÆ^!o>O\QJ{PRo=JbWhJng1C3S[UHvF]TOZHﬁO 2JnW7Po=JIf=ARC3u[F9u>O\OQPh6CakPo=JIo=C9\ZJ
PAGFai$Jng1PRC3AQ3
W
6c3aY6h h 3m5bg1C3S[UEOZPhOZC3S[F]\\Z6PCIPRo=J CEu[WhJA/FaPhOZC3S[W9)_S6Po=JﬁgF3WhJﬁC9

\ZPJAhOZS=D[^!PRo=J CEu[WhJA/FaPhOZC3S[W
g1C3S[WYO;U>JAJnUF9ARJs8
Y
6
8
n
6h h 8
5
o>O \;WhPOZSPo=JgF3WhJLC9WhHIC>C3Po>OZS=DﬁOZPO;W>8
Y
6c8
Y
6hoh 8
V
^)(+* L
,.-0/ 132%46587493:;<7=>'58749?7@AB2%4CEDFHG
No>O;WF/\QDEC3AhOZPo=H O;WU>JnWYOZD3S=JnU  C3ALARJng1V=AGWYOZ3JIJnWhPcOQHvF9PhOZC3SC9kPRo=J f=ARC3u[F9u>O\OQPh C3ALPo=JIg1V=AARJSTPWhP1F9PJ3
5
PC
u[JﬀDC3S[g1JﬁJo[F]3J7C3u[WhJA3JnU 8bY"6h h 8N5 ﬂPo[F9PO;WsO743m50PjDlT 8
5
 ﬂ%OZPO;WLF3g1PV[F/\ \ZWYOZHIf>\ZJAPCbgF/\eg1V>\;F9PRJIPo=J
V=S=S=C3AHvF]\Or2JnUf=AC3u[Fau>O \OZPhJIE5=!D!pP O743ﬀ5iP DE6c8
5
 ﬂ[V[WYOZS=DXF9AŁEC/{f=ARC3f[JAPhXF9S[U F]3JnW C3AHﬁV>\;FIJ
C3u=PGF/OQS
IE5HD PSO748N5ET 3ﬀ5mPSDE6c8
5XNY
!O743ﬀ5ﬀPxDE6
8
5zXNY

P_ALHDE6c8N5=LK
M<O743ﬀ5ﬀPxDlT 3ﬀ5zXNYkPNE6c8
5XNY
!O743ﬀ5XNYkPONE6
8
5zXNY

P_ALHDE6c8N5=LK
M
IE5zXGYaPN!!@LPNI6-D-h $w>
{WYOZS=DbPo>O;W) C3AHﬁV>\;FﬁJgF9S{JnWhPcOQHvF9PJARJng1V=AGWYOZ3J1\ZXF9PJnF3gRo{PhOZHIJLJI
5
HDB C3AF]\\ 9F]\ZV=JnWC9^D

)YS{Po=JLWF9HIJFn3^EOZSXg1C3S>PhOZSTV=CEV[WWhPGF9PRJ Whf[FEg1J3^TJC3u=PGF]OZSv C3APo=JV=S=S=C3AHbF]\O 2JnUf=AC3u[F9u>O\OZPh U>JS[WYOZPh
Po=JLJndEV[F9PhOZC3S
I 5=HD!\P ALHDE6c8N5=LQRIE5zXNY9PNH@LSNE6-DHJNEh
)_SvPo=J'gFEWhJ'CaLF/\QHvF9S=$)V[g1

\ZPJAhOZS=D[^)I 5=HD
O;WFUT FaV[WWYO;F9SbU>JS[WYOZPhbF9S[U \;F3WhP C3ARH V>\;F \QJnFEU=WkUEOZAJng1Pc\QvPC
LF]\ZHbF9S=$)V[g1

\QPRJALJnd3V[F9PcOQCES
^[J1=f=AJnWWYOZS=D{Po=J7AJJnWhPhOZHbFaPhOZC3SXC9BHIJnF9SF9S[U{9F9AhO;F9S[g1J3U)YSXPo=JIWF9H+JLF]3^
F] PJAPhOZHIJV( ^>JgF9SXg1C3HIf=V=PRJAJng1V=AGW$OQEJ1\Q{PRo=Ju[F3gRŁTF9A1UI9F9AhO;F9u>\ZJnWXWN5=!D!\PSO748
V
5[ZUY
T 3ﬀ5PSD!)OZPo
WN5=HD\P_ALHDI6
8N5%
KYM
WN5"ZbY]SN!H@HDE6ZN!-h
 
	ﬀﬂﬁﬃ !
	"#$ w
No=JLJnWhPcOQHvF9PJnU

\ZPJARJnUXWhPGFaPJ FaPPhOZHIJLO\\Bu[J
 D75mP

HbF] I 5HD!-h
F9AŁ3C9{f=ACEf[JAPh6 OQS[U>JfJS[U>JS[g1J{C9kPRo=JIf[F3WhPLF9S[U V=PV=AJIg1C3S[UEOZPhOZC3S[F]\\Z PC{Po=Jﬁf=AJnWhJS>POZHIf>\OZJnWﬁPo[F9P
O743 5 PSDE6c8
V
1P I 5 HD!0W 5 HDF9S[UvPo=JJnWcPhOZHbF9PJnU{WhH+CTC3PRo=JnU{WhPGF9PJLF9PPcOQH+J(LO\\ uJ
D
5
P

HbF/ I 5=HD!0WN5=HD-h
,.- , 	JCED
 4;<C 7@0A%2%4C D6FHG
OQPRJAu>O'F]\ZD3C3AhOZPo=H&OeWﬁU>JnWYOZD3S=JnU C3A7AJng1V=AGWYOZ3JvJnWhPhOZHbF9PcOQCES
^
 C3A7JnF3go WhPGF9PJQD75[^C9'Po=JIH+CTWhPL\OZŁ3J1\Z f[F9Po
JS[UEOZS=D FaPPo>O;W'WcPGF9PJ3^=WF]BHDG5=\PHD
W
HD75=6h h h D75XNY1!D75=-6D75>G `OQŁEJu[J1 C3AJ7J'o[F]3J
 5 HD 5 P O7BHD 5 -6
8
5

P WcV=f
 ﬀﬁ
O7!D
W
6hoh D7576
8
5

P WcV=f
 ﬀﬁ
O7]8N5U6-D75UT D
W
6h h D75XNY6
8
5XNY
HO7!D
W
6h h DG5XNY6
8
5zXNY

P WcV=f
 ﬀﬁ
O7]8N5U6-D75UT D75zXGY]!O7HD
W
6h h D75zXNY6c8
5XNY

P WhV=f
ﬀﬁ
O74895b6D75NT D75zXNY9

5XNY]HDG5XNY]-h ﬃﬂ=
jS[U{JLo[F]3J
O74895b6D75NT DG5XNY9\PS@HDG5XNY"6-DG5=
ALHDG5N6
895=-h
jPPRo=JWF9HIJLPhOZHIJLJLHIJH+C3AhO 2JPo=J V=S[g1PhOZC3S

5%HD75"ZbY]1P

WcV=f


@L!D75U6-D75"ZUY

5HD75%-h
 o=JSPo=J{WhPGF9PJ{Whf[F3g1JvO;WﬁUEO;Wg1AJPJ3^Po>O;W7 V=S[g1PcOQCES OeW+F WcPGF9PJvf[C9OZS>PJAﬁﬂO;WﬁPo=JXgF3WcJbC9T F9V[WW$OeFaS \ OZS=JnF9A
WhHIC>C3Po>OZS=DﬁOZPO\\ uJF7\OQS=JnFaA V=S[g1PhOZC3S$WhJJLuJ1\QC9L1[No=J

\ZPJAJnUJnWhPhOZHbFaPJF9PPhOZHIJ(LŁ>S=C9OZS=Dﬀ8
5
O;W
 
D
5
P

HbF]


5
HD-h
l3HIC>C3Po=JnUvJnWhPcOQHvF9PJnWC93JAPRo=JOQS>PJA9F]\, G6(i.`F9ARJLD9OZ3JSXu>bPRo=JLJnd3V[F9PcOQCES[W
D
?
V
P
 
D
V
$K>
D
?
5zXGY
P

5XNY]HD
?
5
 $t>
No=CTWcJLJnd3V[F9PcOQCES F9AJLJ1\\ Ł>S=C9SvOZS U>>S[F9HﬁO;gLf=ACED3AGF9HIH OQS=Dv$gRp,Zqﬃ. G
,.-"! #82%G G$
&%BD'
=CEAF9AGU>

\ZPJAJnU+JnWhPhOZHbF9PRJ( DG5IHbF]>OZHﬁO 2JnWPo=JLF7f[CTWcPJAhOZC3AhO
f=AC3u[Fau>O \OZPhMO743ﬀ5mPSDlT 8
5
BOZPo{AJnWhfJng1PPC
D
^!o>O \ZJvOZPJARu>OQ

\ZPJARJnU6JnWhPcOQHvF9PJ
 
D
5
HbF]>OQH Or2JnW

5
HDo>O;go OeWPo=JIFvf[CTWcPJAhOZC3AhOf=ACEu[F9u>O\ OZPh6C9Po=J
o=C9\ZJIf[FaPo ﬂ!Po=CTWhJﬁPhCbJnWcPhOZHbF9PJnWLF9ARJID3JS=JAGF]\\Z6UEO*JARJSTPn
C9J3JAn^!F3WLJIWho[F]\\kWhJJﬁOZS6S=J1=P WcJng1PhOZC3S
^
Po=J{F9AJO;U>JSTPhO;gF]\OQS{PRo=JgF3WhJC9<T FaV[WWYO;F9Sv\OZS=JnF9A

\ZPJAcOQS=D&)J1=PWhJng1PhOZC3S[WJO\\g1C3S[W$OeU>JAWhHIC>C3Po>OZS=D
C3S>\Z6V=S[U>JAﬁOQPRJAu>O'F3Whf[Jng1P1WL C3A7Po=JI C9\\ZC9OZS=D ARJnF3WhC3SE+S=C3Po>OZS=DD3V[F9AGF9S>PJJnWPo[F9PLPo=J{WhJndEV=JS[g1JMD

5
P

HbF]

O7]3ﬀ5ﬀPSD T 8
V
G^[LiPx76h hﬀ( ^1o[F3WBFS=C3S=2JACLf=ARC3u[F9u>O\OQPh7 C3A PRo=JF9ARŁ3C9 gRo[F]OZS ﬂ9Po>O;WBWhJndEV=JS[g1J
 C3S[U=F9HIJS>PGF]\\Z6UEO *
JAJS>PL AC3H !D
?
5
GC9J3JAn^%OZS PRo=J gFEWhJIC9"T FaV[WWYO;F9S\OQS=JnFaA WcHICTCEPo>OZS=D[^
Po=C>WhJﬁP$C
WhJndEV=JS[g1JnW'FaAJO;U>JSTPhO;gF]\_
ﬂ  pN!$ [z
  ﬂ
ﬁﬀ 
'
'



 [

 I
'

)_SﬁPo=JgF3WcJkCa`g1C3STPcOQS>V=C3V[WBWhP1F9PJkWcf[F3g1JnW^9Po=Jf=AC3u>\ZJH¡OZSIPo=JF9f=f>\O;gF9PhOZC3SvC9[f=AJEOQCEV[W C3AHﬁV>\;F3W!O;WPo[FaP J
o[F]3JPCﬁHIJH+C3AhO 2J V=S[g1PhOZC3S[W

5IF9S[U

5[^>o>O;go+O;W)OZHIf[C>WWYOZu>\ZJV=S>\ZJnWWPo=C>WhJ V=S[g1PhOZC3S[WF9AJf[F9AGFaHIJPAhO 2JnU
u> FEJng1PC3An^3WF]`  E3No>O;WO;W)o[F9PBo[F9f=fJS[WOQS{LF]\ZHbF9S=$)V[g1{

\QPRJAhOZS=D= F9S[U+mF9V[gRo=_N
V=S=D3hl3PRAhOZJu[J1\
$WhH+CTC3PRo>OQS=D%kF]\ZD3C3AhOZPo=HvWo=JAJLPo=JLPRo=JnWhJL V=S[g1PhOZC3S[WF9AJUT FaV[WWYO;F9SXU>JS[WYOZPhOZJnW
J J1=f>\ZC3AJIo=JARJbFIH+C3AJﬁD3JS=JAGF]\kWcJPPhOZS=D{o=JAJ

5XF9S[U

5XgF9S WhPhO\\kuJﬁf[F9AGF9HIJPRAhO 2JnU!
6JIWhPV[U>
C3S>\ZPo=JXWhP1F9PhOZC3S[F9A gF3WhJ6 O  J3g1C3AAJnWcf[C3S[UEOZS=DOQS Po=JXLF]\ZHbF9S=$)V[g1 g1C3STPRJ1PﬁPC6PRo=JXgF3WhJ{o=JAJPo=J
/FaAhO;F9S[g1JC9BPo=J

AGWcPWcPGF9PJO;W'WhV[gRo{Po[F9PS=CIHbF9PAcO vo[F3WPCIuJLAJJnWhPhOZHbFaPJnU{U>V=AhOZS=DbPRo=JF]\ZD3C3AhOZPo=H{1[No=J
F3WWcV=HIf=PhOZC3S{C3SPo=JLHIC=U>J1\
O;W'g1C3S[WcPhOZPV=PJnUvu>bJndEV[F9PhOZC3Sx3-+

¥>©`~]¥ 
	0"ﬀz^ﬀ!G M9$0ﬃ#z b!c  Eﬀc(b! -ﬃ-$m"
\QCEDO743ﬀ5mPSD
F
6c8N5PSR
F
T 3ﬀ5XNY>PSD P L!D ﬀkD
F
%ﬀﬁ HD
F
Uvﬂﬁ+HDUvﬀ3!R
F
ED
F
ﬃ'HR
F
 x3
 
H! N$!ﬁ !"N#pﬁﬃ#"7N$!f9$ ﬃ !az%  !Zdﬁﬃ&" z7('0Q"-K(QkQ
b z-)b!
*ﬃ E ﬁﬃp3
W
 +b!,7 9 ﬁJ1f!-ﬁ+HD
W
Ivﬂ

W
D
W
.^B+"-  /7ﬁ%K&" G

5f9$

5
$
0 !21 $
 
 0Qﬃ435&"6ﬃ5fzN$> Kﬀ9$ﬀﬃK Ka,3(K7zH
 5 P  7 5XNY vﬀE4895[ $s>

5%HD! P sD?vﬂ8

9ﬃ5> $r>
 
DG5 P 8;:!9 5[ Gq>
 
H

9$<: !>=E!N$!d!7ﬁﬃ-!ﬁ\ﬁﬃ#"7> ?ﬁ$@

9E\P WhV=f

 lDAHD! Gq3q9
:!9E1P WhV=f



DBﬁI!D!-h Gq>
9$a,3(K7CEDGFa!ﬃ$pﬁﬃdﬃK K'
H~]©!©&INo=Jf=AC>C9O;WJ1\ZJHIJSTP1F9AvO CES=JV[WhJnWJndEV[F9PhOZC3Sﬃﬂ= ﬂEOZP'g1C3S[W$OeWcPGWOZS3JAhO EOZS=Dbu>+OQS[U>V[g1PcOQCES PRo[F9P
\ZC3D

5=HD\PJ

5
D Bﬁ+HDUv
5
K
LK
Y

E

XNY] ﬃ']8


/dEV[F9PhOZC3S[WGq> FaS[Uv$r> g1C3H+J ARC3H¢Po=J_F3g1PBPo[F9PBPRo=JsDIo>OegRovAJnF]\O 2JnWPRo=J'WhV=f=AJHﬁV=HCaJndEV[F9PhOZC3SGq3q9
_AJnWcf
!Gq>R
O;W68

9E_AJnWcf
&8;:!E3RG
No=J g1C3ARAJnWhf[CES[U>JS[g1JLOZPo LF/\QHvF9S=$)V[g1

\ZPJAhOZS=DbFaS[UbmFaV[go=_NV=S=D3hl3PAhOZJuJ1\ WhHIC>C3Po>OZS=Dv_OZPovPo=J
S=C3PGFaPhOZC3S[WC9BJnd3V[FaPhOZC3S[W$w>R O;W
 P O
Z
}

O
XGY
X
LHD P DLB!}Xl
XNY
} vwO
XNY
Z
HD 	[
ﬁ+HD P D

O
XNY
Z
D 	[
EHR= P   
XNY
R
ﬃHR= P R


XGY
R 	[>vﬂMN"LO

5
P O
XNY
Z
 D
Z
5
 ?ﬃ5 P O
XNY
X
 D
X
5"ZUY
 
	ﬀﬂﬁﬃ !
	"#$ K
o=JAJpO Z F9S[UO X F9ARJ/FaAhO;F9S[g1JnWBC9[f=ARJnUEOeg1PcOQCESIJAAC3A1W
C9  D
Z
5
P Q, D 5 T 8
5
.IP
 
D 5 F9S[U  D
X
5
P Q, D 5 T 8
5zXNY
.EP
}
 
D75zXNYvHO X Pj}dOlZ1}

v  F9S[UBO
XNY
Z
P O
XNY
X
v 


XNY
 ^!gR ,½w.PGF9u>\ZJ ﬂ[ %ZqF9S[UK= % >GK)_SC3AGU>JALPC
3JAhO bPRo>OeWÆ^[C3u[WcJA3JLPo[F9PPo=JU>>S[F9HﬁO;gC9 PRo=JL\OZS=JnF9A'H+CU>J1\
O;W
\ZC3DpO7HD
F
6R
F
T D! P !D
F
f}dD!  
XNY
HD
F
y}dD
	[" HR
F
 BD
F
  
XNY
HR
F
fBD
F
Y	[>vﬂMN"LO
P pD

}


XGY
}dD 	[kv D

}


XNY
D
F
fD
F

H
XNY
vw


XNY
HD
F
	[
pR
F
 
XNY
R
F
	["fR
F
 
XNY
 D
F
v MN[LO 
F9S[UvPo=Jﬁgo=CaOeg1J7C94^6,ﬁ 646,ﬃ' F9uC93J\ZJnF3U=WPRC
HD BkD
F
.Bﬁ+HD
F
 v ﬁ+HDUvﬂEHR
F
  D
F
 ﬃ'HR
F

P !D yO Z\}XlO
XNY
X
D
F
H}X 
XNY
}xvyO
XNY
Z
RHDUyO Zl}X O
XGY
X
D
F

	[
pD
F

O
XNY
Z
D
F
	[kvyD

O
XNY
Z
D	[kvyD
F




XNY
R
F
fR
F


XNY
R
F
	[kvﬀMN"LO
P pD

}


XGY
}dD 	[kv D

H}


XGY
} vyO
XNY
Z
HO Zl}

O
XGY
X
D
F
pD
F
BHO
XNY
X
}dO Z\}Xl
XNY
}dO Z^}XlO
XNY
X
vwO
XNY
X
}dOlZ\}XlO
XNY
X
vyO
XGY
Z
HD
F
	[
vsD
F

  
XNY
R
F
 R
F


XNY
R
F
	[>vﬂMN"LO
P pD l}Xl
XGY
}dD 	[kv DLH}Xl
XGY
!O\X f HO
XNY
X
vw}XlO
XNY
X
!D
F
pD
F

HO
XNY
X
HO X  ﬁH
XNY
HO\X y HO
XNY
X
vyO
XNY
X
HO X fﬁHO
XNY
X
v O
XGY
Z
!D
F
	[
vsD
F




XNY
R
F
 R
F


XNY
R
F
	[>vﬂMN"LO
o>O;gRo{O;WPRo=JWF9HIJ3
 o=JS6U>JnF]\OZS=DOZPo6S=C3S=­\OZS=JnF9AIgF3WhJnW^Po=JIH+CTWhPOQS>PJAJnWcPhOZS=D WYOZPV[F9PcOQCES WhJJHbWPCbuJIPo=Jﬁ C9\\ZC9OZS=DN+
6JF9ARJLD9OZ3JS696(164K6ﬃG^EPo[F9P)O;WPo=JLf=ARC3u[F9u>O\OQPh{D9OZ3JSPo=JLf[F3WhPF9S[U{Po=J V=PV=AJ
\ZC3DpO7HD
F
6-R
F
T DE6-D
F F


L!D8BkD
F
%AHD
F
ﬀkD
F F
EvﬀEHR
F


D
F
ﬃ'!R
F

_Po=JLF9AŁ3C9IgRo[F]OZSvOeWg1C3S[W$OeU>JARJnUXF3WF7AJngROZf=AC=gF]\ f=AC=g1JnWW1F9S[U!ﬁ¢o[F3W)PCﬁuJg1C3HIf=V=PJnUﬂE C3AWhHIC>C3Po>OZS=D
f=V=AfCTWhJ3^
F9SF9f=f=AC]TOZHbFaPhOZC3SO\ \uJﬁJS=C3V=D3ou[JngF9V[WcJ PRo>OeW V=S[g1PhOZC3SO;WV=PhO\Or2JnUC3S>\Z{ C3APo=JﬁC3u=PJS>PhOZC3S
C9Po=J

\ZPJAJnU JnWhPhOZHbF9PJﬁC9PRo=J WcPGF9PJﬁF9P\;F3WcPLPhOZHIJ ( 9)_SC3Po=JAkCEAGU=W^!FIAJf>\;F3g1JH+JSTP7C9 ﬁ u>ﬁ o[F3W
Po=JWFaHIJLJ*
Jng1P'F3WAJH+f>\eFEgROQS=DvPo=J\ OZŁ3J1\OZo=C>CUCa Po=JWcJnd3V=JS[g1J+HD
W
6h h h D
V
u>
O7HD
W
6h h D
V
P
	

X

	

o>O;gRoXo[F3WF+WhHbF]\\
OZS[V=JS[g1JﬁC3S{Po=J7JnWhPhOZHbF9PJnWJ1%g1Jf=P'gR\ZCTWcJPCIPRo=JLJS[U!
 
 &V I G* *+
No=JbWcPGF9PJOeWS=C9¢AJf=AJnWhJS>PJnUu> Fv3Jng1PRC3AF9S[U6F9SOZS>PJD3JAI!DE6aG=jLWLJIWho[F]\\kWhJJIuJ1\ZC/7^
Po=JﬁHIC=U>J1\
g1C3S[WYO;U>JAJnUo=JAJﬁO;W OQS>PJAJnWcPhOZS=DXOJIF9AJID9OZ3JSPo=JbUEO;WhPAhOZu=V=PhOZC3S C9Po=JIC3u[WhJAR/F9PhOZC3S F9S[UPo=JbWcPGF9PJIF9P
PhOZHIJaLg1CES[UEOQPcOQCES[F]\\Q PCPo=JbWhPGFaPJIF9PLPhOZHIJnWL  qbF9S[U L0vq{YPo=JI FaAŁ3C9 gRo[F]OZSO;Wﬁg1C3S[WYO;U>JAJnU F3WLF
AJngROZf=AC=gF]\Bf=ACg1JnWRW$gRp,ﬂ"._^ , . 1^FaS[U+O JLF9S>PPCIWhHIC>C3PoXU=F9PGF%

¥>©`~]¥  0"ﬀz^ﬀ!G M9$0ﬃ#z b!c  Eﬀc(b! -ﬃ-$m"
\ZC3DO7HD
F
6
F
6-R
F
T DI6alP YHDUﬀkD
F
.ﬀﬁ HD
F
Evﬀﬁ1HD!Ivﬀ3!R
F
ED
F
 ﬃﬀ HR
F
 Gqnw>
t  pN!$ [z
 
H1ﬁ#"7

1N$ﬁ  zH "-zN#(9$aK^ﬁK&"G0  !ﬃ! ' 0"%KzK
 b- b!cﬃ E!ﬁHD
W
6Z
W
p  UH%  zNU 
W
P
W
TJ1=f[-ﬁ+HD
W
Kv 

W
D
W
.  -9$ﬃK K
$
0 oﬁﬃ-$ ﬀ  Q;"N&K z zN$0$o%"!dﬃ ! [ Mﬀ,3(K7

W
P \ZC3D[ 
W
S9
ﬃ5 P  ?ﬃ5XNY vﬀ3]8N5! Gqﬂ=

5=P9 P

5XNY]ﬂ5XNY9PaUv

ﬀﬁ





9ﬃ5zXNY]. ﬃ Æ48N5%
ﬂ5=P9 P

HbF]



5=Pﬃ5Uv




19 5[
 5 !DE6a P sDmvﬀ8








9 5 
 
ﬃ5 P

HbF]	

5>P9Ivﬀ: Æ9ﬃ5

 
D75 P 8;:

Eﬃ5
 
H

 k9$;:  zH = !N$!!7ﬁﬃ-!ﬁ^ﬁ#"7  pzN$ﬁ  ' 5 P9Q"ﬃo	[ Q$o%"!
ﬃ  dL 	"N
 
ﬃ5"ZbY P C] 1 N$  N$N\!ﬁsDG5[ZUY,F'
H~]©!©&I {V[W$OQS=D+ C3AHﬁV>\;FI ﬂ=C3S=JWho=C9'WWhPAGF]OZD3o>Ph C3AF9AGUE\Zﬁu>IOZS[U>V[g1PhOZC3SPo[F9P
\ZC3D

V
HD
V
6
V
 P HbF/




ﬀﬁ
\ZC3D 
W
P
W
Uv
V
K
5
K
Y


ﬀﬁ


9ﬃ5zXNY9. ﬃﬀ

48N5=
v6

V
D
V
 ﬁ

!D
V

P

V
P
V
Evﬀ

V
D
V
Bﬁ

HD
V

o=JAJ

5
O;WD9OZ3JS7OZSIPo=JWhP1F9PJHIJS>PnnNF9ŁEOQS=DLPRo=JWcV=f=AJHﬁV=H¢C/EJA D
V
^nJC3u=PGF/OQSﬀD
?
V
P
 
D
V
PJ8;:


9
V

F9S[UvPo=J7f=AC3u[F9u>O\OZPh{C9 PRo=JLu[JnWhPf[F9PoXF9ARAhOZ3OZS=DbF9PX
V
F9PPhOZHIJV(&O;W
\QCED

V
S
V
 P

V
S
V
bv : 

9
V

No=JﬁC3f=PhOZHbF/\kWhJnd3V=JS[g1JP
?
5
o>O;goO\ \HbF]>OZHﬁO 2JIPo>O;WdEV[F9S>PhOZP$g1C3AAJnWcf[C3S[U=WPC{PRo=J JndEV[F9PhOZC3S[WDaOQEJS
OZSXPo=JWcPGF9PJHIJS>Pn
© ¥[}n|E
C
l3PC3AGF9DEJbAJndEV>OZAJHIJS>PGW+C9'Po>O;WvF]\ZD3C3AhOZPo=HFaAJXWhPhO\\ ARJnU>V[g1JnU +B C3AbWhH+CTC3PRo>OQS=D OQP+O\ \Lu[J ( WhPGF9PJ
f[C9OZS>PJAGW$FEW)OZSXOQPRJAu>O F]\ZD3C3AcOQPRo=H{kF9S[U ( 3Jng1PCEAGW
C
S=Jo[F3W
ﬃ5mPJ8$
¸
ﬀﬁ

¸

HD
?
5
BkD
?
5[ZUY

o=JAJHD
?
5
6
?
5

O;WBPo=JC3f=PcOQHvF]\`WhJndEV=JS[g1J3No>OeW)gF9Sﬁu[JLgo=JngRŁ3JnU7OZS[WhP1F9STP1F9S=JC3V[WY\ZﬁuTﬁUEO*JARJSTPhO;F9PcOQCES
C9kPo=J+D9\ZC3u[F]\B\OZŁ3J1\OQo=C>C=UC9Po=JbWhJndEV=JS[g1JXYJ1f=AJnWRWhJnUOZS6Po=Jﬁ C3AH 1q9OZPo6ARJnWhf[Jng1P7PCMD75U+!Po=J
Po=AJJLPJAHvWo>O;goF9f=f[JnFaA\ZJnF3U{PC+Po=JLAJ1\;F9PhOZC3SGqﬂ=G
C
6JgF9SXH+CU>J1\ F+WYOZD3S[F]\ o=C>WhJ\;Fn O;W'F HﬁOPV=ARJLC9 \OZS=JnF9ALHIC=U>J1\;Wﬃ+JnF3go{J1\ZJHIJS>PC9 PRo=JHﬁO=PV=AJ
O\ \u[JLOZS[U>J1=JnUuT{Fﬁf[F]OZA7P6ZﬃFZF9S[U 


HD!BO\\ uJI_OQPRoXWhC3HIJF9u=V[WcJC9BS=C3PGF9PcOQCES!
 HD!\P  \QCED= !Pz6
F
UvwD   D
 
	ﬀﬂﬁﬃ !
	"#$ x
o=JAJ  P6Z F 7OeW+Po=Jf=AC3u[F9u>O\OZP$ C9Po=JPAGF9S[WYOZPhOZC3S  ARC3H PC F j W+u[J1 C3AJ3^ V=S[g1PcOQCES[W$ﬁ  HD!
O\ \uJXd3V[F3U>A1F9PhO;gﬁ C3AHvWD

ﬁ
DF9S[U EHR%'O;WﬁF{HvF9PAhO f=AC=U>V[g1PsR[ ) 'JbU>AC3fOZS[UEOeg1JnW OZSPo=J
P6Z F __U>JfJS[U>JSTPﬁ\OZS=JnF9AﬁHIC=U>J1\H}

]6-

6-

6

­G^!JIo[F]3JﬁPCvO;U>JSTPcO   Po=J7\ OZŁ3J1\OZo=C>CU Gqnw>
PC
HD
F
f}dD  
XGY
!D
F
f}dD!
	"" HR
F
fBD
F
  
XNY
HR
F
fBD
F

	[
F9S[UvPo>O;W\ZJnF3U=WPC



XNY
 vw
XNY
Px 



  vy ﬁ


}Xl
XNY
}<PS 

 f ﬁ
}  
XNY
vy
XNY
}<P 

 vﬀ  



XNY
 Ph
OZPoPo=CTWhJﬁS=C3PGFaPhOZC3S[WPo=JIf=AC=g1JnWWHbF]Xu[JvU>JnWg1AhOZu[JnU Po>O;WF]U+`WcPGF9APhOZS=D{OZPo F{UEOeWRg1AJPJ{WhPGF9PJ
P6D!G^!Po=J{f=ARCg1JnWW i$V=HIf[W PC6F9S=C3Po=JAﬁC3S=J ﬃFOZPof=ACEu[F9u>O\ OZPh  !P6ZﬃFeG^BF9S[UFS=J WhPGF9PRJaD7FOeW
go=CTWcJSXOZPoPo=JU>TS[FaHﬁO;gWC9k!}]6- ­F9S[U{F9SC3u[WhJA9F9PhOZC3SBR
F
O;WPo=JSXf=ARCU>V[g1JnUOZPo D
F
F9S[U
H

6-

­$gR Jnd>WHG
l3JPPhOZS=D mP 
F
OZS6Po=JﬁJndEV[F9PhOZC3S[WFau[C93JIhWhPJnF3U>WhPGF9PJ91^=J WcJJIPo=Jﬁf=AhOZS[gROZf[F]\kAJnWcPAhO;g1PhOZC3S6C9Po>O;W
HICU>J1\4+=PRo=JHbF9PRAhO;g1JnWp
XNY
 
PLF9S[UMO Zl}

O
XGY
X

PJkF9AJOZS[U>JfJS[U>JSTPLC9<3
C
=V=S[g1PhOZC3S[W ﬁo[F]3JLJnF9ŁvOZHIfC3APGF9S[g1J CEA'WhHIC>C3Po>OZS=D_OZPo FaS{OZS

S>OZPJﬁSTV=Hﬁu[JALCa C3u[WcJA/F9PcOQCES[W^
Po=JWhHIC>C3Po=JnUvJnWhPcOQHvF9PJLC9\3
5
O;WOQS[U>JfJS[U>JSTPLCa  V=S[g1PhOZC3S[W ﬁ

G
C
mJngROZf=ACgF/\f[C9OZS>P'C9BEOQJ+[6JﬁF9AJ7D9OZ3JS696(


64K6ﬃﬀ1G^=PRo[F9PO;WPRo=Jf=AC3u[Fau>O \OZPhXD9OZ3JSPo=Jf[FEWhP
F9S[UvPo=J V=PV=AJ'ﬂ>OZPO\ \o[FnEJLPo=JL C3AH
\ZC3DpO7P
F
6-D
F
6-R
F
T z6-DI6
F F
6D
F F
 YHDUﬀkD
F
%A   HD
F
BkD
F F
EvﬂEHR
F


D
F
vAﬃ ­HR
F

_Po=JbF9AŁEC/6gRo[F]OZS O;W g1CES[WYO;U>JAJnUF3W7FAJngROZf=ACgF/\'f=AC=g1JnWW1>ﬁLo[F3W7PCu[JXg1CEHIf=V=PJnU OQSWcV[goF
F]IPRo[F9PPo=J C3ARH V>\;F  CEAsO7PﬃF6D7F 6RF T 6-DD9OZ3JSOQSPo=J7Po=JC3AJH OeWF+f=AC3u[F9u>O\OZP$ O_ J3=J1=f
-ﬁ 
Who=C3V>\;Uvu[JﬁF9SbJ1OZD3JS>3Jng1PCEAC9 Po=JLCEf[JAGF9PRC3Au	



uP
F
6-D
F
>J1f	! HDBkD
F
UvBEHR
F


D
F

ﬃ


HR
F

"JD
F
JR
F
Gj WﬁJ{WF]O;UuJ1 CEAJ3^ C3AIWhHIC>C3Po>OZS=D6f=V=AfCTWhJnW^F AJnF3WhC3S[Fau>\QJXFaf=f=AC]TOZHbF9PcOQCES OeW
JS=C3V=D3o

 ﬃn

'

,Zq .Tﬁﬁ½=CEAS=J3^ lﬃ  z  /
@BAC=g97)!/^/^/^=3C9\ t=qE^ )Cbw=^ FaAGgoqnr>x9w=
,  .'ﬁT'AJJS=J3^ '' !J>Us9
 
ﬃ( b N>ﬁ  $o"! H(1 z-ﬃﬀ!4" UH5"-z
b!5"- -ﬃﬃ^)YSTPn=ﬀC3S>PACa\ ^qnr3r=q3^E3C9\ K ﬂ[^)CbK%^Tf=f q3waq ﬂ=xT
,½w .'jﬁT'J1\Zu
^ﬀ+ b $ﬂﬁ?U ﬀﬃ1 [^=  )G NL>f=AJnWW^
q]r3s3r=
,ﬂz.3FaHﬁO;WhC3S
^I ," b!(" b!5"- -ﬃﬃ,/[J1OZPn= F9o=AGWgRo
Z^>3C9\ w=^>f=ft3K9_s3t=^!qnrxﬂ[
,½K . NL LF]O\eFaPo
^ ! 
 
!ﬁ" ! d,"-$zﬃs!ﬁ = N#^ - -z9^)!/^/1/B)$N^33C9\N=^)C(%^3 FaAGgo
qnrxﬂ[
,½t .B mL½mF9u>OZS=JAn^ ' aV[F9S=D%$-9!$ *" & $$%'Bc	[#(' $z 4/ )H/1/^/B j7l=lT@¢F9DTF"21OZS=J3^)3F9
S>V[F9Aqnr3s3t%
Unite´ de recherche INRIA Lorraine, Technoˆpole de Nancy-Brabois, Campus scientifique,
615 rue de Jardin Botanique, BP 101, 54600 VILLERS L `ES NANCY
Unite´ de recherche INRIA Rennes, IRISA, Campus universitaire de Beaulieu, 35042 RENNES Cedex
Unite´ de recherche INRIA Rhoˆne-Alpes, 46 avenue Fe´lix Viallet, 38031 GRENOBLE Cedex 1
Unite´ de recherche INRIA Rocquencourt, Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex
Unite´ de recherche INRIA Sophia-Antipolis, 2004 route des Lucioles, BP 93, 06902 SOPHIA-ANTIPOLIS Cedex
´Editeur
INRIA, Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex (France)
ISSN 0249-6399
